A new developed formula named the Habashi-Zul formula, based on the MaxwellGarnett (MG) formula was fabricated and used to calculate the complex permittivity of the Sm-YIG in PVDF composite samples in the frequency range of 10 MHz to 1 GHz. The calculated permittivities results were compared with the measured values of each sample of Sm-YIG in PVDF composite samples and, with calculated results from various theoretical models including the MG, Looyenga, Bruggeman and, Sen Scala and Cohen. The Habashi-Zule formula presented higher accuracy as compared to other models.
Introduction
Due to the increased number of the communication devices such as mobile phones, LAN systems and electromagnetic wave absorbers that utilize microwave frequencies, it is necessary to study the electromagnetic properties of the materials. The study of the frequency dependency of the complex relative permittivity and permeability on the ferrite material has been a field of interest. Furthermore, the ferrite-polymer composites are useful in microwave applications due to their lightweight, low cost, and good design flexibility [1, 2, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] .
Designing composite ferrite materials for electromagnetic or microwave applications with classical trial and error requires a lot of time and money. Using computers, modeling and optimizing desired electromagnetic properties of such materials can be estimated and corrected. However, the improvements of the theoretical models to be more accurate to calculate the electromagnetic properties of composite materials are more important.
The best known mixing rule is the Maxwell-Garnett (MG) formula for the effective complex permittivity of the two phase's mixture material [14] . Study and optimizing the electromagnetic properties of the composites materials via numerical techniques or improving these techniques to be able to design the materials for specific application, will save time and cost, instead of designing composite materials with classical trial and error routine.
Theoretical Models
Mixing formulas are developed for calculating the effective permittivity or/and permeability of a mixture or heterogeneous medium that consists of medium components that are dielectrically or/and magnetically different from each other. The sample mixtures are assumed to consist of two phases. One phase forms the background or environment, and the other one is embedded as a guest, forming the inclusions phase. Let the permittivity or permeability of the host material be k 1 , and that for the guest k 2 . The important parameter is the volume fraction of the inclusions f, the volume fraction occupied by the host is 1-f.
The best known mixing rule is the Maxwell-Garnett (MG) formula [14] . The Maxwell-Garnett formula (Eq. 1), for the effective complex permittivity or permeability of the two phase's mixture material is:
(1)
The Habashi-Zule formula based on the MG model is proposed to calculate the effective complex permittivity and permeability of the investigated composite materials. This developed formula is based on the assumption that the composite should have three phases instead of two. The third phase is the vacuum, so it should include the permittivity and permeability of the free space for calculating the effective complex permittivity and permeability, respectively. Let the complex permittivity or permeability of the inclusions materials be k 1 and k 2 , and that for the host (vacuum) is k 0 . The important parameter is the volume fraction of the inclusions v 1 and v 2 . The total volume fraction occupied must be v 1 + v 2 =1.
, where Eq. 2 is the Habashi-Zule formula.
Various theoretical models [14] including MG, Looyenga, Bruggeman and, Sen Scala and Cohen, are used in this study to calculate the effective complex permittivity of the interested composite materials, in order to validate and compare the results with the Habashi-Zule one [16, 17, 18, 19] .
Looyenga formula:
Bruggeman formula:
Sen, Scala, and Cohen formula:
Methodology
The Habashi-Zule formula (Eq. 2) based on the MG formula was fabricated and used to calculate the complex permittivity of the Sm-YIG in PVDF composite samples in the frequency range of 10 MHz to 1 GHz. In order to verify this formula, the calculated permittivities results via the developed formula were compared with the measured values of each sample of Sm-YIG in PVDF composite samples. Moreover, the comparison of the results were carried out with calculated permittivity values of the Sm-YIG in PVDF composite materials calculated from various theoretical models including the MG, Looyenga (Eq. 3), Bruggeman (Eq. 4) and, Sen Scala and Cohen (Eq. 5).
The whole process was carried out by using the MATLAP software [16] .
Results
The permittivity results of Sm-YIG in PVDF obtained from the Habashi-Zule formula (Eq. 2) were discussed with a comparison to the measurement results. The impedance result spectrums of Y3 (Y 3 Fe 5 O 12 ) in PVDF composite as a function of permittivity [15] , calculated via different models in the frequency ranged from 10 MHz to 1 GHz are presented in Fig. 1 (Figs. 2-4) . It is found that the results of the developed MG formula are very close to measured results and presented the lowest error percentage when they are compared with the other models used (Tables 2-4 ). This indicated the accuracy of the Habashi-Zule formula to calculate the permittivity of ferrite-polymer composite materials. 
Conclusion
Results of the Habashi-Zul formula (developed MG), with a comparison of various theoretical models including MG, Looyenga, Bruggeman and Sen-Scala-Cohen, have been carried out and discussed with comparison to the measurement results for Sm-YIG-PVDF composite samples. The lowest mean error percentage values were detected from the Habashi-Zul formula for each composite, which were different from composite to others depend on the mole fraction x. The Habashi-Zul model appears to add a new contribution to the theoretical models to calculate the effective permittivity of mixture ferrite-polymer materials, due to its accuracy as compared with others.
